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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
This paper introduces our experience of using miniature Charpy type SE(B) specimen in obtaining fracture toughness Jc of a 
material in the ductile to brittle transition temperature (DBTT) region. Width W x thickness B of 2 x 2 mm, 3 x 3 mm and 10 x 10 
mm were chosen as miniature specimens and 25 x 25 mm were chosen as full sized specimen. 0.55% carbon steel JIS S55C, 
whose tensile to yield stress ratio TS/YS was equal to 1.8 was chosen as a material to simulate a degraded (embrittled) material 
in the DBTT region. Focus was placed on whether cleavage fracture could be predicted for these miniaturized specimens. 
Another focus was placed on whether the Jc of full sized specimen is predictable from the test results of the miniature sized 
specimens, in case cleavage fracture were observed. The results showed that the modified Ritch-Knott-Rice (RKR) failure 
criterion (which predicts the onset of cleavage fracture when the crack opening stress measured at 4 times the crack-tip opening 
displac ment exceeds this 22c) could predict whether cleavage fracture would occur or not. An ther finding was that, in case 
cleavage fracture was observed though, the critical valu 22c in the modified RKR failure criterion was independent of specimen 
size, and thus, Jc of the full size  specimen is predictable fr m the miniature specimen test r ults, though M = (W-a)YS/Jc was 
small r than ASTM E1921 requir ment of 30. H re, a and YS are crack length and yield strength, respectively. 
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Nomenclature 
B Specimen thickness 
E Young’s modulus 
J J-integral 
Jc, Jc FEA Fracture toughness and J obtained at the fracture load Pc via FEA 
Kc SIF corresponding to the fracture load Pc 
KJc An elastic-plastic equivalent SIF derived from the J-integral at the point of Jc 
L Length of a test specimen 
M = (b0YS)/Jc: Parameter which gives information on the initial ligament size to fracture process zone size 
P Load 
Pc Fracture load and conditional value in ASTM E399 
Pmax,Pmin Maximum and Minimum force during precracking 
S SE(B) specimen span 
Vg Crack mouth opening displacement (CMOD) 
VLL Load line displacement 
W Specimen width 
a Crack length of a test specimen 
b0 = (W-a): Initial ligament size; the distance from the crack tip to the back face of a specimen 
t Crack-tip opening displacement (CTOD) 
 Plastic  factor to evaluate J from load versus load–line displacement diagram 
 Poisson’s ratio 
B,B0 True and nominal tensile strength 
YS,YS0 True and nominal yield stress 
22 Crack-opening stress 
22c Critical crack-opening stress 
22d 22 measured at a distance from the crack tip equal to four times t at the specimen mid-plane 
 
1. Introduction 
Minimizing the specimen size of a fracture toughness test specimen is very important to maximize the use of 
limited volume of surveillance coupons from irradiated components. However, there are many problems to be 
solved in minimizing the specimen size. For example, ASTM E1921 (ASTM, 2010) requires M = (W-a)YS/Jc ≥ 30 
in fracture toughness test, where, W, a, YS and Jc is width, crack length, yield stress and fracture toughness of a test 
specimen, respectively. This requirement sets some lower bound size with specimen ligament (W-a). Past 
experience shows that the minimum SE(B) specimen size for materials considered in this code is of width 3 x 
thickness 4 mm (Wallin et al., 2001). However, we thought that if miniaturized specimen i) experiences cleavage 
fracture with small negligible stable crack extension, and ii) fracture toughness can be converted to that of a full 
sized specimen, than limitation M ≥ 30 can be rationally removed, and thus, more small specimens can be utilized. 
For this purpose, applicability of the modified Ritchie-Knott-Rice (RKR) failure criterion (Dodds et al., 1991; Lu 
and Meshii, 2014a, b, 2015; Meshii et al., 2015; Meshii et al., 2013; Meshii and Tanaka, 2010; Meshii et al., 2010; 
Meshii and Yamaguchi, 2016), which predicts the onset of cleavage fracture when the mid-plane crack-opening 
stress 22, measured at a distance from the crack tip equal to four times the crack-tip opening displacement (CTOD) 
t, hereinafter denoted as22d, exceeds a critical value 22c, to predict fracture toughness test specimen. 
Charpy type SE(B) specimens of Width W x thickness B of 2 x 2 mm, 3 x 3 mm and 10 x 10 mm, whose M were 
predicted to be smaller than 30, were chosen as miniaturized specimens and 25 x 25 mm were chosen as full sized 
specimen. For these specimens, experiments and EP-FEAs were conducted, and the points 1) whether the modified 
RKR criterion could predict whether cleavage fracture will occur or not and 2) whether the 22c in the case cleavage 
occurs is identical with that of full sized specimens, were confirmed. 
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Fig. 1 Prediction of Jc for the miniature specimens from the experiment with full size specimens 
 
2. Material selection 
Considering nominal tensile strength B0 and nominal yield stress YS0 ratio B0/YS0 for EURO RPVs and 
Japanese RPVs is equal to 1.3, S55C, which is known to be in the transition temperature region at around room 
temperature and has large B0/YS0, is selected for examination. The chemical contents of S55C were C: 0.55 %, Si: 
0.17 %, Mn: 0.61 %, P: 0.015 %, S: 0.004 %, Cu: 0.13 %, Ni: 0.07 % and Cr: 0.08 %, respectively. The material was 
quenched at 850 °C and tempered at 650 °C. 
Charpy impact test results and true stress–true strain curve, which is obtained from the tensile test, for EP-FEA 
are shown in Fig. 2 and Fig. 3, respectively. As results of the tensile test at 20 °C, Young’s modulus E, YS0 and B0 
of 206 GPa, 394 MPa and 710 MPa were obtained, respectively. True stress – true strain curves used in the EP-FEA 
are also shown in Fig. 3. Poisson’s ratio  of 0.3 was used in the analysis. 
 
  
Fig. 2 Charpy impact test results Fig. 3 True stress–true strain curve for EP-FEA 
3. Fracture toughness test for full sized specimen 
Fracture toughness test for full sized specimen was conducted in accordance with ASTM E1921 (ASTM, 2010). 
The dimensions of SE(B) specimen are shown in Fig. 4. 
 
Fig. 4 Dimensions of full sized SE(B) specimen 
 
Precracking was performed with two discrete steps which satisfied the requirement of the standard that 
precracking can be performed by using at least two discrete steps. Fatigue precrack was inserted with loads 
10
100
1000
1 10 100
J c
N
/m
m
B mm
Miniature specimens
Prediction of fracture toughness
EP-FEA
㻌㻌㻌
W
a
B/2
S/22.5W
VLL
EP-FEA
Jc
B25B2B1
W=25mm
B/W=1.0
JFEA
22|4t/YS 22|4t/YS
JFEAPrediction of lower limit
(㻠㼠，22c) failure criterion
A
q= 0
rt
22
22c
4t
Tensile test
The experiment with full size specimens
W=B1
Charpy type
(B/W=1.0)
22c from the
(㻠㼠，22c) failure criterion
 
e
㻌㻌㻌
W
a
VLL
0
100
200
300
400
500
600
700
800
0 0.02 0.04 0.06 0.08 0.1 0.12

N
M
Pa
eN
0
10
20
30
40
50
60
70
80
90
100
0
20
40
60
80
100
-100 -75 -50 -25 0 25 50 75 100 125 150 175 200
B
rittle fracture %
Im
pa
ct
 to
ug
hn
es
s C
J/
cm
2
Tested Temperature ℃
Impact toughness
Brittle fracture %
20
1.8
0
200
400
600
800
1000
1200
1400
0 10 20 30 40 50 60 70 80 90 100

M
Pa
e%
 Teruhiro Yamaguchi et al. / Procedia Structural Integrity 2 (2016) 712–719 715
 Author name / Structural Integrity Procedia 00 (2016) 000–000  3 
 
 
Fig. 1 Prediction of Jc for the miniature specimens from the experiment with full size specimens 
 
2. Material selection 
Considering nominal tensile strength B0 and nominal yield stress YS0 ratio B0/YS0 for EURO RPVs and 
Japanese RPVs is equal to 1.3, S55C, which is known to be in the transition temperature region at around room 
temperature and has large B0/YS0, is selected for examination. The chemical contents of S55C were C: 0.55 %, Si: 
0.17 %, Mn: 0.61 %, P: 0.015 %, S: 0.004 %, Cu: 0.13 %, Ni: 0.07 % and Cr: 0.08 %, respectively. The material was 
quenched at 850 °C and tempered at 650 °C. 
Charpy impact test results and true stress–true strain curve, which is obtained from the tensile test, for EP-FEA 
are shown in Fig. 2 and Fig. 3, respectively. As results of the tensile test at 20 °C, Young’s modulus E, YS0 and B0 
of 206 GPa, 394 MPa and 710 MPa were obtained, respectively. True stress – true strain curves used in the EP-FEA 
are also shown in Fig. 3. Poisson’s ratio  of 0.3 was used in the analysis. 
 
  
Fig. 2 Charpy impact test results Fig. 3 True stress–true strain curve for EP-FEA 
3. Fracture toughness test for full sized specimen 
Fracture toughness test for full sized specimen was conducted in accordance with ASTM E1921 (ASTM, 2010). 
The dimensions of SE(B) specimen are shown in Fig. 4. 
 
Fig. 4 Dimensions of full sized SE(B) specimen 
 
Precracking was performed with two discrete steps which satisfied the requirement of the standard that 
precracking can be performed by using at least two discrete steps. Fatigue precrack was inserted with loads 
10
100
1000
1 10 100
J c
N
/m
m
B mm
Miniature specimens
Prediction of fracture toughness
EP-FEA
㻌㻌㻌
W
a
B/2
S/22.5W
VLL
EP-FEA
Jc
B25B2B1
W=25mm
B/W=1.0
JFEA
22|4t/YS 22|4t/YS
JFEAPrediction of lower limit
(㻠㼠，22c) failure criterion
A
q= 0
rt
22
22c
4t
Tensile test
The experiment with full size specimens
W=B1
Charpy type
(B/W=1.0)
22c from the
(㻠㼠，22c) failure criterion
 
e
㻌㻌㻌
W
a
VLL
0
100
200
300
400
500
600
700
800
0 0.02 0.04 0.06 0.08 0.1 0.12

N
M
Pa
eN
0
10
20
30
40
50
60
70
80
90
100
0
20
40
60
80
100
-100 -75 -50 -25 0 25 50 75 100 125 150 175 200
B
rittle fracture %
Im
pa
ct
 to
ug
hn
es
s C
J/
cm
2
Tested Temperature ℃
Impact toughness
Brittle fracture %
20
1.8
0
200
400
600
800
1000
1200
1400
0 10 20 30 40 50 60 70 80 90 100

M
Pa
e%
4 Author name / Structural Integrity Procedia  00 (2016) 000–000 
corresponding to Kmax = 22 and 19 MPam1/2 for the 1st and last stages, respectively, which satisfied the requirement 
of the standard 25 and 20 MPam1/2. For each discrete step, the reduction in Pmax for any of these steps was 18.7 %, 
which satisfied the suggestion if the standard the reduction in Pmax for any of these steps be no greater than 20 %. 
The maximum force Pmax and the minimum force Pmin ratio R = Pmin/Pmax was applied, and the load frequency was 
30 Hz. 
In fracture toughness test, the loading rate was controlled to be the specified range of 0.1–2.0 MPam1/2/s. Four 
test results, which was satisfied ASTM E1921 requirements, were adopted. Test results are summarized in Table 1. 
 
Table 1 Fracture toughness test results for 25 x 25 mm 
Serial No. 1 2 3 4   2/
a/W 0.50 0.50 0.50 0.50    
Pc (kN) 22.7 22.4 24.1 23.8    
Kc (MPam1/2) 60.5 59.8 65.4 59.6    
Jc (N/mm) 35.9 33.5 61.1 55.8    
KJc (MPam1/2) 90.1 87.1 118 112 102 15.4 30.3 
M 137 147 80.6 88.3    
 
In addition, it can be said that a very small scatter in KJc was realized from the current test data. It is also seen 
that all of the test results were satisfied ASTM E1921 requirements of M ≥ 30 (M = bYS/J: b is the length of 
specimen ligament W-a). Each P-Vg diagrams obtained from experiments were compared and the path of these 
experiments were similar. Therefore, these experimental results are considered to be valid. 
 
4. EP-FEA 
The FEA model used in the elastic-plastic analysis of the SE(B) specimen is shown in Fig. 5. 
 
 
 
Fig. 5 FEA model for SE(B) specimen 
 
Considering symmetry conditions, one quarter of an SE(B) specimen containing a straight crack was analyzed, 
with appropriate constraints imposed on the symmetry planes, as illustrated in Fig. 5. An initial blunted notch of 
radius  was inserted at the crack tip and the sizes of are summarized in Table 2. 
 
Table 2 Sizes of the initial blunted notch of radius  
W x B (mm) 25 x 25 10 x 10 3 x 3 2 x 2 
 (m) 4.31 3.98 1.06 2.50 
 
In this study, the FEA models were generated by referring the FEA model of Gao et al.’s paper (Gao and Dodds, 
2000). For all cases, 20-noded isoparametric three-dimensional (3-D) solid elements with reduced (2 × 2 × 2) Gauss 
integration were employed. The material behavior in the FEA was assumed to be governed by the J2 incremental 
theory of plasticity, the isotropic hardening rule, and the Prandtl–Reuss flow rule. The piecewise linear total true 
stress–strain curve of the S55C steel shown in Fig. 3 was used in the EP-FEA. The load line displacement were 
applied for each EP-FEA. In the EP-FEA, the applied load P was measured as the total reaction force on the 
supported nodes. The J simulated by the EP-FEA, denoted by JFEA, was evaluated using a load-vs.-crack-mouth 
opening displacement diagram (P–Vg diagram), accordance with ASTM E1921 (ASTM, 2010). WARP3D (Gullerud 
et al., 2014) was used as the FEA solver. 
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5. Results of EP-FEA 
5.1. Load P–crack mouth opening Vg diagram 
P-Vg diagram for full sized specimen obtained from experiment and EP-FEA are compared in Fig. 6. Solid line 
in Fig. 6 shows Vg calculated from the elastic compliance given in ASTM E1820 (ASTM, 2006). 
 
Fig. 6 P-Vg diagram for full sized specimen (25 x 25 mm) 
 
As shown in Fig. 6, the linear slope of the FEA result was very close to the linear P-Vg relationship calculated 
from the equations given in ASTM E1820 (ASTM, 2006), and the path of the P-Vg diagrams for experiment and EP-
FEA are similar. Therefore, the EP-FEA result was considered to be valid. 
EP-FEA for miniaturized specimens were also conducted. P-Vg diagrams for the miniaturized specimens whose 
specimen dimensions are 10 x 10, 3 x 3 and 2 x 2 mm. Though not shown, the linear slope of the FEA result was 
very close to the linear P-Vg relationship calculated from the equations given in ASTM E1820 (ASTM, 2006). 
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5. Results of EP-FEA 
5.1. Load P–crack mouth opening Vg diagram 
P-Vg diagram for full sized specimen obtained from experiment and EP-FEA are compared in Fig. 6. Solid line 
in Fig. 6 shows Vg calculated from the elastic compliance given in ASTM E1820 (ASTM, 2006). 
 
Fig. 6 P-Vg diagram for full sized specimen (25 x 25 mm) 
 
As shown in Fig. 6, the linear slope of the FEA result was very close to the linear P-Vg relationship calculated 
from the equations given in ASTM E1820 (ASTM, 2006), and the path of the P-Vg diagrams for experiment and EP-
FEA are similar. Therefore, the EP-FEA result was considered to be valid. 
EP-FEA for miniaturized specimens were also conducted. P-Vg diagrams for the miniaturized specimens whose 
specimen dimensions are 10 x 10, 3 x 3 and 2 x 2 mm. Though not shown, the linear slope of the FEA result was 
very close to the linear P-Vg relationship calculated from the equations given in ASTM E1820 (ASTM, 2006). 
Therefore, the EP-FEA result was considered to be valid. 
 
5.2. Determination of 22c for full sized specimen 
The relationships between 22 measured at 4t on the x1 axis 22d and JFEA calculated from P-Vg diagram for 
each load step are shown in Fig. 7. In Fig. 7, fracture toughness Jcs obtained from experiments are indicated by stars. 
 
 
Fig. 7 The relationship between 22d and JFEA (25 x 25 mm)  
 
From this relationship, the critical value 22c and the yield stress YS is equal to 3.82, and fracture toughness Jc 
for miniaturized specimen is predicted from this 22c, described below. 
5.3. Prediction of Jc for miniaturized specimen 
The relationships between 22d and JFEA are shown in Fig. 8. In Fig. 8, the value 22c/YS = 3.82 indicates the 
predicted critical value. 
From Fig. 8 (a), it was predicted that the minimum fracture toughness for 10 x 10 mm is predicted as 59 N/mm 
because 22d exceeded the critical value 22c when J = 59 N/mm. 
The result for 3 x 3 mm (Fig. 8 (b)) shows that 22d is decreasing with increasing of JFEA after 22d exceeded the 
critical value 22c. From this result, it was predicted that cleavage fracture might not occur in fracture toughness test 
for 3 x 3 mm. 
 
0
5
10
15
20
25
30
0 0.1 0.2 0.3 0.4
P
kN
Vg mm
6 Author name / Structural Integrity Procedia  00 (2016) 000–000 
 
(a) 10 x 10 mm (b) 3 x 3 mm (c) 2 x 2 mm 
Fig. 8 The relationships between 22d and JFEA 
 
The result for 2 x 2 mm (Fig. 8 (c)) shows that 22d is decreasing with increasing of JFEA after 22d indicated the 
maximum value of 22d (22d/YS = 3.61). From this result, it was predicted that cleavage fracture would not occur in 
the fracture toughness test for 2 x 2 mm. 
 
6.  Fracture toughness tests for miniaturized specimen 
Fracture toughness test for miniaturized specimen was conducted in accordance with ASTM E1921 (ASTM, 
2010). The dimensions of SE(B) specimen are shown in Fig. 9. Here, S is the SE(B) specimen span; the distance 
between specimen supports. 
  
(a) 10 x 10 mm specimen 
Fig. 9 Dimensions of miniaturized SE(B) specimen 
 
As shown in Fig. 10, the specimens for 3 x 3 mm and 2 x 2 mm were cut out from 10 x 10 mm specimen which 
was inserted the precrack. 
幅切断cutting
10 x 10 specimen
 
Fig. 10 The method to obtain SE(B) specimen for 3 x 3 and 2 x 2 mm from 10 x 10 mm specimen 
 
Precracking was performed with two discrete steps which satisfied the requirement of the standard that 
precracking can be performed by using at least two discrete steps. Fatigue precrack was inserted with loads 
corresponding to Kmax = 20 MPam1/2, which satisfied the requirement of the standard 25 and 20 MPam1/2. The load 
frequency was 30 Hz. 
In fracture toughness test, the loading rate was controlled to be 1.1 MPam1/2/s, which is in the specified range 
of 0.1–2.0 MPam1/2/s. Two test results for 10 x 10 mm, which satisfied ASTM E1921 requirements except M ≥ 30, 
were adopted. Test results are summarized in Table 3. 
 
Table 3 Fracture toughness test results for 10 x 10 mm 
Serial No. 1 2 
a/W 0.54 0.54 
Pc (kN) 4.46 4.25 
Kc (MPam1/2) 54.2 51.6 
Jc (N/mm) 79.8 68.1 
KJc (MPam1/2) 134 124 
M 22.7 26.6 
L/2
3.2
A
f0.2 Wire cutting
a
2.
5
Detail of A (5:1)
L/2
W
B
3.2
3.2
Precrack
(b) Summary of the specimen dimensions 
W x B (mm) 10 x 10 3 x 3 2 x 2 
S (mm) 40 12 8 
L (mm) 55 20 20 
a (mm) 5.0 1.5 1.0 
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It is seen that all of the test results did not satisfy ASTM E1921 requirements of M ≥30 (M = bYS/J: b is the 
length of specimen ligament W-a). However, the value of M < 30 was adopted because in this paper, 10 x 10 mm 
specimens, whose M was predicted to be smaller than 30, were considered. Whether the 22c in the case cleavage 
occurs is identical or not with that of full sized specimens even though the miniaturized specimen does not meet the 
ASTM E1921 requirement of M = (W-a)YS/Jc ≥ 30 is discussed later. 
P-Vg diagrams for the miniaturized specimen obtained from experiment are compared in Fig. 11. Solid line in 
Fig. 11 shows Vg calculated from the elastic compliance given in ASTM E1820 (ASTM, 2006). 
 
 
(a) 10 x 10 mm (b) 3 x 3 mm (c) 2 x 2 mm 
Fig. 11 P-Vg diagram for miniaturized specimens (10 x 10, 3 x 3 and 2 x 2 mm) 
 
As shown in Fig. 11 (a), the each path of the P-Vg diagrams for experiments are similar. Therefore, the 
experiment for 10 x 10 mm were considered to be valid. From Fig. 11 (b) and (c), it was expected that the cleavage 
fracture did not occur for most cases. 
 
7. Discussion 
Regarding the results of 10 x 10 mm, the cleavage fracture occurred as predicted. Comparing the predicted 
minimum Jcmin and experimental result Jc in Table 2, Jcmin is smaller than Jc. Therefore, it was considered that the 
fracture toughness Jc for 10 x 10 mm can be predicted from 22c of full sized specimen. In addition, 22c for 10 x 10 
mm is identical with that of full sized specimen. In other words, it was confirmed that the 22c in the case cleavage 
occurs was identical with that of full sized specimens even though the specimen did not meet the ASTM E1921 
requirement of M = (W-a)YS/Jc ≥ 30. 
Regarding the results of 3 x 3 mm, one specimen occurs ductile fracture, and another one occurs cleavage 
fracture. However, about the latter one, it was confirmed that the stable crack extension occurred as shown in Fig. 
12 and exceeded the ASTM E1921 requirement. 
 
 
Fig. 12 Stable crack extension on the 3 x 3 specimen 
 
Regarding the results of 2 x 2 mm, ductile fracture occurred for all of two specimens. These test results are 
identical with the predictions obtained from EP-FEA.  
From all of the results, it was shown that the modified RKR criterion could appropriately predict cleavage 
fracture naturally for 25 x 25 mm specimens and 10 x 10 mm specimens, though M < 30 for this type specimen, and 
the modified RKR criterion could also predict that cleavage fracture will not occur for 2 x 2 mm specimens. 
 
stable crack growth
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8. Conclusion 
Charpy type SE(B) specimens of Width W x thickness B of 2 x 2 mm, 3 x 3 mm and 10 x 10 mm, whose M 
were predicted to be smaller than 30, were chosen as miniaturized specimens and 25 x 25 mm were chosen as full 
sized specimen. For these specimens, experiments and EP-FEAs were conducted. The conclusions obtained are as 
follows. Even though the miniaturized specimen does not meet the ASTM E1921 requirement of M = (W-a)YS/Jc ≥ 
30, 1) the modified RKR criterion can predict whether the cleavage fracture will occur or not, and 2) the 22c in the 
case cleavage occurs is identical with that of full sized specimens, indicating that Jc obtained from miniaturized 
specimens can be used to transfer Jc by 25 x 25 mm specimens.  
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